Abstract The fabrication of magnetic oxide nanodots was studied without the use of conventional lithographic techniques and patterning masks. 
Introduction
Processing of magnetic nanostructures is currently crucial in the field of magnetic engineering, such as for magnetic hyperthermia [1] , drug delivery systems [2] , environmental purification [3] , and magnetic recording systems [4] . For instance, with respect to magnetic recording systems, the immediate development of ultrahigh density magnetic recording media is indispensable because of the explosive worldwide increase in digital information. Patterned media [5] [6] [7] , in which data are stored in a physically isolated single magnetic domain, have the potential for application in ultrahigh-density magnetic recording systems offering magnetic bit areal densities above 2×10 12 bits/in.. On the basis of these requirements, nanofabrication techniques for magnetic films and subsequent magnetic nanostructures are the latest key topics.
Hexagonal structural ferrite, SrFe 12 O 19 , is known to exhibit a large anisotropy constant (K 1 ) value of 3.5×10 6 erg/cm 3 [8] and is widely used as a ferrite magnet. SrFe 12 O 19 also shows sufficient chemical stability, corrosion resistance, and superior wear resistance; these characteristics make SrFe 12 O 19 suitable for use in functional magnetic nanoparticles. The combined feature of superior wear resistance and a high K 1 value is one of the important factors in the fabrication of magnetic nanostructures. Sufficient magnetic properties can be expected, even after nanofabrication of SrFe 12 O 19 , due to the large K 1 value, while the wear resistance easily enables fabrication of SrFe 12 O 19 at the nanoscale. In spite of these advantages, there are only a few reports on the processing of hexagonal ferrites that are ten to several tens of nanometers in size. Therefore, it is worth studying the fabrication of SrFe 12 O 19 on the several tens of nanometers or slightly larger scale to investigate its potential in future applications such as functional magnetic nanodevices.
A wide variety of techniques have been reported for the preparation of magnetic nanostructures, such as imprint lithography [9] [10] [11] , ion irradiation [12, 13] , focused ion beam lithography [14, 15] , electron beam lithography [6, 16, 17] , and a combination of lithographic techniques and electrochemical deposition of magnetic materials [17] . However, structural and magnetic damage are unavoidable issues in lithography. In addition, the fabrication areas are limited, and many experimental procedures are required when using lithographic-based techniques. On the other hand, nanofabrication based on the self-assembly technique is a promising method for attaining magnetic nanostructures, because this approach involves inexpensive equipment, simple procedures, large fabrication areas, and there is no need for patterning masks. Furthermore, structural and magnetic damage does not occur. In fact, nanofabrication of magnetic films using the self-assembly technique has recently been widely reported [18, 19] .
In this study, SrFe 12 
Experimental
Samples were prepared on a SiO 2 /Si substrate using a DC magnetron sputtering system of our own making. The vacuum chamber of sputtering machine was evacuated to reach the pressure of 0. [20, 22] . Therefore, a post-annealing was carried out for the sufficient crystallization of SrFe 12 O 19 . The sample was annealed in a furnace under an air atmosphere at 750°C for 1 h after SrFe 12 O 19 deposition.
An X-ray diffractometer (XRD; Rigaku SmartLab) was used to identify the obtained material phases. The local nanostructures of the samples were studied using field-emission scanning electron microscopy (FE-SEM; Hitachi SU8000) and transmission electron microscopy (TEM; JEOL JEM-2010). Atomic force microscopy (AFM; Veeco Innova) was used to acquire the morphologies of the samples. The magnetic domains and magnetic properties were evaluated by magnetic force microscopy (MFM; Veeco Innova) and vibrating sample magnetometer (VSM; Tamagawa Factory Co. Ltd. custom made), respectively, at room temperature.
Results and discussion
It was possible to control the morphology of Au and change it from a film ( Fig. 1a) to self-assembled nanoparticles (Fig. 1b) using an in situ heat treatment of the substrate at 100°C during sputtering. The total energy (E total ) of this system can be classified into (1) the surface energy (γ) of the Au film, (2) the interfacial energy between the substrate and the Au film, (3) the γ of the substrate, and (4) the elastic strain energy of the Au film. Energies (1) and (3) originate from the surface curvatures, whereas (2) is generated by the wettability of the Au and the substrate. Furthermore, the misfit between the Au film and the substrate induces (4). The summation of (1)-(4) generates E total in this system. Through in situ heating of the substrate during the sputtering, the Au adatoms diffuse on the substrate. The driving force for the formation of the Au nanoparticles from the Au film is a reduction of E total by altering the morphology of Au. Consequently, Au nanoparticles were obtained. Figure 1c shows the XRD pattern for the self-assembled nanoparticles (Fig. 1b) . It was found that Au exhibits a (111) orientation. The γ of fcc structural metals including Au is known to be γ(111)<γ(100)<γ(110) in general [24] . Therefore, Au is oriented toward the direction of the lowest γ, (111). The diameter (size) and distribution of the Au nanoparticles shown in Fig. 1b were evaluated by SEM as summarized in Fig. 1d . The average size of the selfassembled Au nanoparticles was approximately 17 nm with a standard deviation value of ∼7.6. It was reported that the size of Au nanoparticles was 32 nm under the close experimental parameters to the current study [22] . We achieved finer and more homogeneous size of Au nanoparticles in the current case. The areal density of Au nanoparticles calculated from SEM image was ∼1.2×10
12 particles/in., which is close to the density required for the future ultrahigh density magnetic recording media. (Fig. 2c, d, g, and h ). Figure 2b , d, f, and h are high magnification images of Fig. 2a , c, e, and g, respectively. Completely isolated, island-like elliptical Au nanoparticles were obtained ( Fig. 2a and b) . The height of the nanodots was ∼10 nm, which is the same as the thickness of the original Au film (Fig. 1a) as revealed in the TEM cross-sectional observations (data not shown). For the SrFe 12 O 19 /Au sample ( Fig. 2c and d) , lattice fringes on the Au nanoparticles were observed (Fig. 2d) (Fig. 2h) .
To gain detailed information on the creation of the crystalline SrFe 12 O 19 nanodots using the present fabrication technique, Fourier transformations of the obtained TEM image (Fig. 3a) for the SrFe 12 O 19 /Au sample were carried out ( Fig. 3b-g ). The sample was similar to those of Fig. 2c and d. The transformed areas are indicated as rectangles in Fig. 3a . No diffraction spots were observed in Fig. 3b, d , and g, whereas spots were seen in Fig. 3c and f. These Fourier transformed spots suggest the existence of crystalline SrFe 12 O 19 . By comparing Fig. 3a, c, Figure 3e shows the Fouriertransformed image of the SiO 2 substrate area. Because SiO 2 is amorphous, no diffraction spots were observed, and the result is thus similar to those seen in Fig. 3b, d , and g. Notably, the local nanostructures discussed above were well reflected in the macroscopic crystal structures of SrFe 12 O 19 . Single-phase SrFe 12 O 19 can be seen in Fig. 4a , which shows the diffraction lines from the (00l) planes except the (107) plane, which is the strongest in the SrFe 12 O 19 powder system. In Fig. 4b, Fig. 2e and f and Fig. 2g and h, respectively Figure 5b and e show the magnetic domain structures of both samples (the observation areas for Fig. 5b and e are the same as those in Fig. 5a and d, respectively) . The bright and dark contrasts indicate the direction of the perpendicular magnetization components of the magnetic domains. That is, perpendicularly upward or downward. Microscale magnetic domains with various shapes were found in SrFe 12 O 19 ( Fig. 5b) , while nanoscale magnetic domains were seen in SrFe 12 O 19 /Au (Fig. 5e) . By comparing the AFM and MFM images, a single SrFe 12 O 19 nanomagnetic domain (Fig. 5e ) was determined to be slightly larger than a single SrFe 12 O 19 nanodot (Fig. 5d ). However, it is possible that the resolution of the MFM image is lower than that of the AFM image, because the MFM measurements detect the leakage magnetic fields from the sample surface. Thus, equivalent discussions should not be made regarding the sizes of the magnetic domains and nanodots. The downsizing of the magnetic domains to the nanoscale was actualized through the downsizing of the SrFe 12 O 19 grains. The magnetic hysteresis loops of both samples were acquired at room temperature ( Fig. 5c and f) . Judging from the magnetic behavior, it was concluded that the SrFe 12 (Fig. 5c) , while the hysteresis loops exhibited gradual slope in the SrFe 12 O 19 /Au sample (Fig. 5f) (Fig. 3a-g ). As a result, each SrFe 12 O 19 grain independently behaves as an isolated grain. The coercivity value could be different from grain to grain, such that the magnetization of each SrFe 12 O 19 grain reverses at various strengths of magnetic field. Therefore, the overall magnetic reversal occurred gradually and overall perpendicular coercivity increased. Concerning (2), the magnetizations of SrFe 12 O 19 grains reverse in a wide range of magnetic fields due to the fluctuations of magnetic anisotropy direction. Based on the considerations (1) and (2), the gradual magnetic switching behaviors and increase in the perpendicular coercivity were generated.
The next subject in our study is more precise control of SrFe 12 O 19 nanodot intervals. It is essential to control the order of the self-assembled Au nanoparticles used as the underlayer. On the basis of our primary experiments, RF magnetron sputtering with in situ heating of the substrate at a moderate temperature was effective to improve the periodicities of the Au nanoparticles. The size of the Au nanoparticles was also markedly reduced to as small as ≤4 nm. Such Au nanoparticle underlayers will enable the formation of precisely ordered SrFe 12 O 19 nanodots at the ∼10-nm level.
Conclusions
Spontaneously organized SrFe 12 O 19 nanodot structures with a size of 40-50 nm were obtained via plasma-aided nanofabrication. In the present study, the self-assembled Au nanoparticles with the areal density as high as ∼1.2× 10 12 particles/in. were utilized as underlayers for SrFe 12 
